Among the different strains of avian paramyxoviruses isolated from migrating feral ducks, two were identified as Newcastle disease viruses (NDV) and the five others would correspond to a new serotype for which we suggest the name of Duck/Mississippi]75 virus. The characteristics of this new serotype are as follows: (l) Duck/Mississippi/75 virus is able to grow as well in allantoic as in amniotic cavities of embryonated hen's eggs; (2) the haemagglutinin and haemolytic activities can be detected with hen red blood cells; (3) the neuraminidase hydrolyses the c~2 ~ 3 bonds of the fetuin substrate and its pH activity could be species specific. Antigenically, this serotype is different from all human and animal paramyxoviruses, in spite of an antigenic relationship with NDV.
INTRODUCTION
During a study on cloacal and tracheal shedding of myxoviruses in wild ducks, Webster et al. (I976) isolated numerous viruses and among them, seven paramyxoviruses which were identified by their morphology and their multiplication in the presence of actinomycin D. The object of the present study was to characterize these viruses, on the one hand by their biological properties: haemagglutinin (HA), neuraminidase (N) and haemolysin (HL) activities, and on the other hand, by their antigenic relationships with other paramyxoviruses.
The characterization of haemagglutinin, neuraminidase and complement fixing antigens was performed by comparing various duck viruses with numerous human or animal paramyxovirus strains, particularly various avian paramyxoviruses isolated during the last 2o years: Chicken/California Yucaipa/56 (Yucaipa), Finch/N. Ireland/Bangor/73 (Bangor) and Turkey/Wisconsin/68 viruses (Ty/Wis).
METHODS
Viruses. The seven duck viruses were isolated by Webster et al. (1976) from tracheal and cloacal samples from wild ducks of Gadwall (Anas streperal), Mallard (Anasplatyrhynchos) and Wood Duck (Aix sponsal) species. Yucaipa, Bangor and Turkey/Wisconsin (Ty/Wis) viruses were obtained by the courtesy of Dr B. McFerran (Department of Agriculture, Veterinary Research Laboratory, Stormont, Belfast, N. Ireland) . Sendai virus and Newcastle disease virus (NDV) Texas strain came from the Department of Virology, N.I.M.R. Mill Hill, London, U.K. Human parainfluenza type I (C.39) type 2 and type 3 (C.243) and SV5 came from the Department of Health, Education and Welfare, Public Health Service, Biological Reagents Section, CDC, Atlanta, U.S.A. The strain of mumps virus was isolated in this laboratory 0968) from a pharyngeal swab of a child with meningitis. N. KESSLER, M. AYMARD AND A. CALVET Sera Specific antisera against the duck strains 320, 4o6 and 604 were prepared in guineapigs by three successive cycles of intranasal and intraperitoneal injections with 5000 H.A.U. of virus at intervals of ~5 days. Specific antisera anti-duck isolates 334 and I33O were prepared in rabbits and obtained by courtesy of Dr K. Nerome (National Institute of Health, Tokyo, Japan) who also provided anti-Kunitachi chicken antiserum. Specific antiseraagainst Yucaipa and Bangor viruses were prepared in chickens and obtained by courtesy of Dr D.J. Alexander (Central Veterinary Laboratory, New Haw, Weybridge, Surrey, U.K.). Specific rabbit antisera against NDV, Sendal and mumps viruses were prepared by two intramuscular injections of ~o 5 H.A.U. of purified virus with complete Freund's adjuvant I5 days apart. Specific horse antisera anti-human parainfluenza I, 2, 3 and anti-SV5 virus came from CDC, Atlanta, U.S.A. Specific anti-type 4A and 4B parainfluenza virus sera were prepared in guinea-pigs according to the technique described for duck viruses.
Virus growth. All avian paramyxoviruses were grown in the allantoic and amniotic cavities of 8-day-old embryonated hen's eggs. Allantoic and amniotic fluids were harvested after 4 days incubation at 34 °C and stored at -50 °C.
Haemagglutination (HA) and haemagglutination inhibition (HI).
These tests were performed in Cooke microtitre plates; equal vol. of the sample to be tested, buffer (5 × lo-~ M-phosphate-o'15 M-NaC1) and o'5% hen red blood cell suspension (total Vol. o'I5 ml) were left at room temperature for I h. HI was measured by adding 4 H.A.U. of virus to twofold dilutions of antiserum. After I h at room temperature, the hen red blood cell suspension was added and the test read after a further hour. The HI titre was expressed as the reciprocal of the highest dilution giving a 5o % inhibition.
Haemolysis (HL).
Hen red blood ceils were washed three times in (5 × Io-3 M-PO4-o'x5 M-NaCI) buffer.. Assays were performed by incubation of o'5 ml of virus suspension and 2 ml of 1% red blood cell suspension for r h at 38 °C in a water bath. The tubes were centrifuged at 2900 g for 5 min; the supernatant fluids were diluted and measured for haemolysis according 4o their absorbance at 575 nm. Haemolysis was calculated with reference to a control standard. Haemolysin activity is expressed as the reciprocal of the last dilution giving 5o% cell haemolysis.
Neuraminidase (N) and neuraminidase-inhibition ( NI).
These tests were performed according to the method of as modified by Kessler et al. (I977): fetuin was used as substrate, and o.I M-citrate-o-2 M-phosphate buffer with pH values ranging from 2.z to 7"4. Incubation was for ~8 h at 37 °C.
Complement fixation test. This test was performed by a microtitre method described by Sohier et al. (I956) .
Gel radial haemolysis test. The technique described by Russell et al (I975) was modified as follow~: I ml of virus suspension (5oo to 2ooo H.A.U. according to the strain) was added to I ml sheep red blood cells washed and diluted to a 1o% concentration in o-8% NaCI containing o'o5 M-CrC13. After 3 min at 4 °C, the mixturewas centrifuged for 5 rain at 18oo g The treated cells were taken up in I ml barbitone buffer containing o'5 % bovine albumin. The immunodiffusion plates (Hyland) were prepared by mixing o'4 ml of treated cell suspension, o.I 5 ml of guinea-pig complement and 2.8 ml of 1.5 % agarose (indubiose A 37). Diffusion took place for 3o min at 22 °C and lysis for I5O min at 37°C..
RESULTS

Biological properties Haemagglutinin
All seven strains of Duck viruses were tested for their ability to agglutinate hen and guinea-pig red blood ceils. Similar results were obtained with both kinds of cells and with viruses grown in allantoic or in amniotic cavities. Hen red blood cells (0"5 %) were chosen for the remainder of this study. The haemagglutinin of these viruses was antigenically active and after inoculation gave rise to the synthesis of specific antibodies in guinea-pigs. However, the virus showed poor immunogenicity in ferrets.
Haemolysin
Haemolysin activity could be detected in crude allantoic and amniotic fluids infected with any of the duck viruses. The haemolysin/haemagglutinin (HL/HA) ratios were 6.6 × i0 -~ for the duck strains II6, 3~9, 320, 334 and 4o6; 5 × Io -4 for NDV and the duck strains 6o4 and I33o, and about 3 × I0-3 for the Yucaipa and Bangor strains. This allowed us to distinguish clearly between the duck strains and Yucaipa and Bangor viruses. Antigenic characterization of the haemolysin was not done since unequivocal interpretation of the analysis is possible only if haemolytic activity can be dissociated from haemagglutinin and neuraminidase activities,
Neuraminidase
Neuraminidase activity was found in all seven duck strains, in sufficient amounts to be demonstrated in crude allantoic and amniotic fluids. The ratios of neuraminidase activity to haemagglutinin activity (N/HA) were as follows: o.2o for duck strains I i6, 319, 32o, 334 and 4o6, o.oi6 for duck strains 6o4 and I33O and for the NDV Texas strain and o'o46 and o-21 for Yucaipa and Bangor viruses respectively.
These observations led to the more detailed characterization of the neuraminidases of duck viruses. The enzymic activity was studied using a o-I M-citrate-o.2 M-phosphate buffer with pH values ranging from 2"2 to 7"4 and the results are shown in Fig. I and Table r . The variation of the activity of the neuraminidases of three reference strains, NDV Texas, Yucaipa and Bangor, with pH, is shown in Fig. 2 . These results indicate that: (a) The activity versus pH profiles of the neuraminidases of duck strains 6o4 and I33o were identical and similar to that of NDV. These viruses exhibited the same sensitivity to acid pH (5o% of the enzymes were inactivated at pH 4"65 and 4"75 respectively) although the pH optima were different: 5"4 for duck 6o4 and i33o strains and 6"2 for NDV. (b) The activity versus pH profiles of the neuraminidases of duck strains 334 and 4o6 were identical and biphasic. The activity versus pH profile of the enzyme of duck strain I I6 also showed two maxima at pH 4"2 and 6"2. Although the co-existence of two different virus populations was not demonstrated. These three strains, 334, 4o6 and I I6, were all isolated from' Mallard' ducks. (c) The activity versus pH profiles of the neuraminidases of duck strains 3 I9 and 320, showed the same pH optimum of 4"6 and were quite similar although the pH values at which 5o % of the virus enzymes were inactivated were a little different. These two strains were isolated from the same species 'Gadwall' ducks. (d) The activity versus pH profiles of the neuraminidases of duck strains I~6, 3t9, 320 334 and 4o6 were strikingly different from those of the reference avian paramyxoviruses.
Antigenic characterization
To investigate the relationship between the duck viruses and other paramyxoviruses, different techniques were used, involving either envelope antigens or internal antigens.
Cross haemagglutination-inhibition between duck viruses and other paramyxoviruses
Cross haemagglutination inhibition (HI) tests were performed with hyperimmune sera against the duck viruses and various strains of paramyxoviruses of both human and nonhuman (especially avian) origin.
The results which are summarized in Table z indicated that : (a) No reaction was observed with antisera to the human strains. (b) Duck viruses showed a variable degree of antigenic relationship with NDV. The relationship between viruses can be estimated by calculating the r value using the formula: r = ~rIFi x rz expressed by Archetti & Horsfall (195o) , where rl is the ratio obtained by dividing the heterologous titre of virus 2 by the homologous titre of virus I, and r2 is the ratio obtained when the heterologous titre of virus x is divided by the homologous titre of virus 2. If r equals I, there is no antigenic difference and an r value of 2 indicates an antigenic cross relationship of 5o%. Values for r and % of antigenic cross relationship are given in Table 3 antigenic cross relationship (r = 2) with NDV Texas strain and with the duck 6o4 strain (r = t-6). Duck 32o, 334 and 406 strains for which immune sera were prepared in guineapigs (320, 4o6) or in rabbits (334) appear to be identical. Strains l I6 and 319 were completely inhibited by anti-32o, anti-334 and anti-4o6 sera. The last five strains appear to possess an identical haemagglutinin, different from that of Yucaipa and Bangor viruses. However, duck 334 strain is distinct because of its antigenic relationships with the duck ~33o strain (r = 8) and the NDV Texas strain (r = 45"3). The duck 334 strain, like duck 133o and NDV strains, showed similar antigenic relationship with Sendal virus.
Cross haemagglutination-inhibition tests between duck viruses and other paramyxoviruses
Cross neuraminidase-inhibition ( NI) between duck viruses and other avian paramyxoviruses
The neuraminidases of the duck viruses were antigenically different from those of the human paramyxoviruses and Sendai virus.
The results of the cross neuraminidase-inhibition test (Table 4 ) agree with our HI results. The formula of Archetti & Horsfall (t95o) was also applied to these results (Table 3 ). The neuraminidase, like haemagglutinin, of duck 6o4 strain was identical to that of NDV (r = o'98). The neuraminidase of duck I33o strain showed 62% antigenic relationship with that of NDV (r = I'56) and 36% with that of duck 6o4 virus (r = 2"77).
The neuraminidases of TT6, 319, 320, 334 and 4o6 strains appeared to be antigenically identical (o'7 < r < I'26). However the neuraminidase of duck 334 strain as well as its haemagglutinin showed an obvious cross reactivity with duck t33o virus (r -3"16) and to a lesser degree with NDV (r = 8"9).
Complement fixation
Complement fixation tests were performed using infected egg allantoic fluids as antigens. These results also agreed with those of the HI and NI tests. No antigenic relationship could be demonstrated between avian strains: duck, NDV, Yucaipa or Bangor viruses on the one hand and the human strains on the other. The five duck strains 116, 319, 32o, 334, 4o6 were antigenically similar. The weak sensitivity of the reaction and the problems arising from anti-egg antibodies present in some sera limited the suitability of this method for characterizing the various strains.
Radial haemolysis
The test was performed by incorporating in agarose one of the following viruses: avian paramyxoviruses NDV, Yucaipa, or Bangor, Sendal virus or duck virus strains 32o, 334, 4o6 Tables 3 and 5 show more numerous and higher degrees of antigenic relatedness between some of the viruses than revealed by the techniques already described. The duck 320 strain was identical to the 334 strain. Duck 133o and NDV Texas strains were identical. This method is sensitive and detects different envelope antigens including the haemolysin.
Cross neuraminidase-inhibition tests between duck viruses and other avian paramyxoviruses
Radial haemolysis test between duck viruses and other paramyxoviruses (diameter values)
S u'm mary
Duck paramyxoviruses can be divided into two groups: one including duck 604 and I33O strains which can be considered as NDV-like strains (strain I33O is slightly different antigenically from the NDV Texas strain) and a second which includes duck 1 I6, 319, 3zo, 334 and 4o6 strains which are all similar, but different from other avian strains tested. These 5 duck strains (especially the 334 strain) show a weak antigenic relationship with NDV of not more than I 1% for neuraminidase and 3 % for haemagglutinin.
DISCUSSION
The seven strains of duck viruses isolated in the United States in migrating feral ducks were characterized by Webster et al. (1976) as paramyxovirus strains because of their morphology in the electron microscope and their ability to multiply in the presence of actinomycin D. The study of their biological and antigenic properties permits us to confirm their relationship to this family.
All of the strains possess a haemagglutinin detectable with hen and guinea-pig red blood cells and were antigenic in guinea pigs and rabbits (K. Nerome, personal communication), but showed little immunogenicity in ferrets.
All of the strains studied showed high levels of neuraminidase activity. Like all the myxovirus neuraminidases (Drzeniek, I973) the enzymes of the duck viruses hydrolysed c~2-+ 3 bonds linking neuraminic acid to galactose in fetuin. A study of the properties of these avian paramyxovirus enyzmes is in progress (N. Kessler, unpublished data) . The N/HA ratio is used in characterizing paramyxoviruses. Among the seven duck strains studied, both 6o4 and 1330 strains possessed N/HA ratios identical with that of the NDV Texas strain and very close to that given by Alexander (I974) for the NDV Herts strain. The activity versus pH profile of the neuraminidases confirmed the similarity between the 6o 4 and 133o duck strain neuraminidases and that of NDV. The pH optima for the neuraminidases of the duck strains were quite similar to values given by Brostrom et al. (I97I) and Alexander (1974) for different NDV strains.
For duck 1 i6, 319, 32o, 334 and 4o6 strains, the N/HA ratios were identical and close to o.z. This value is close to that determined for Bangor virus and very different from those found for NDV and Yucaipa viruses. The activity versus pH profile of the neuraminidases, also allowed differentiation of the five duck strains from the following viruses: NDV, Yucaipa, Bangor, Sendai and mumps viruses. Moreover, this test showed differences between duck 116, 319, 32o, 334 and 4o6 strains. These differences were associated with differences in origin: Mallard versus Gadwall ducks.
The possession of a haemolysin antigen is an exclusive property of the paramyxovirus group. Reported for the first time in I948 by Morgan et al. for mumps virus, it was then described for different members of the group: NDV, Sendai, bovine parainfluenza 3 (SF 3 strain) and measles. All avian strains tested, reference strains or duck strains, possessed a haemolysin active on hen red blood cells at 38 °C. The HL/HA ratios were close to 6.6 x io -4 for duck t 16, 319, 320, 334 and 4o6 strains, 5 x io -4 for duck 6o4 and 133o strains and for NDV, and 3 × ~o-3 for Yucaipa and Bangor viruses and therefore also allow clear differentiation between the duck viruses and Yucaipa and Bangor viruses.
The shows much more antigenic relatedness to NDV than the others (2 to l I °/o homology according to the HI and NI tests). All of the Duck/Mississippi/75 strains possessed antigenic cross reactivity with the I33o strain (Io to 3o% of homology); duck I33o strain can be considered as a NDV variant since it only exhibits 5o % homology with the latter.
To sustain the theory of a phylogenetic relationship between these different avian paramyxoviruses a finer characterization of the antigenicity of Duck/Mississippi/75 strains on the one hand and NDV duck strains 6o4 and ~33o on the other hand, is necessary. Kinetic haemagglutination-inhibition tests used for the study of antigenic variations of arboviruses (Casals, I964; Young & Johnson, t969) and Sendal viruses (Lief et al. 1975 ) may answer this problem.
